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Fluid catalytic cracking (FCC) is among the most important oil refining processes, converting heavier oil fractions into lighter, more desirable products, such as gasoline and LPG.[1](#anie201709723-bib-0001){ref-type="ref"}, [2](#anie201709723-bib-0002){ref-type="ref"} The FCC catalyst used is a typical example of a complex, hierarchically structured nanomaterial, consisting of a mixture of zeolite, clay, alumina and other binder materials, which differ in their chemical (e.g., acidity) and structural properties (e.g., porosity).[3](#anie201709723-bib-0003){ref-type="ref"}, [4](#anie201709723-bib-0004){ref-type="ref"} High‐resolution micro‐spectroscopy methods have been developed to study structure and activity[5](#anie201709723-bib-0005){ref-type="ref"}, [6](#anie201709723-bib-0006){ref-type="ref"} as well as deactivation[7](#anie201709723-bib-0007){ref-type="ref"}, [8](#anie201709723-bib-0008){ref-type="ref"}, [9](#anie201709723-bib-0009){ref-type="ref"} of such industrially relevant catalyst particles, providing insight into intra‐ and interparticle heterogeneities. For example, the ratio of tetrahedral versus octahedral Al in the active zeolite components of FCC catalyst particles was found to vary, suggesting heterogeneities in Brønsted acidity within individual catalyst particles.[10](#anie201709723-bib-0010){ref-type="ref"} Furthermore, deactivation mechanisms, such as dealumination and lattice destruction of the zeolite phase by steaming[10](#anie201709723-bib-0010){ref-type="ref"}, [11](#anie201709723-bib-0011){ref-type="ref"} and pore blockage by metal deposition,[6](#anie201709723-bib-0006){ref-type="ref"}, [9](#anie201709723-bib-0009){ref-type="ref"} occur simultaneously, bringing about structural as well as chemical changes within the catalyst material during operation. Given the complexity of both the material and its deactivation mechanisms, FCC particle studies, or in general any complex functional material, require a combination of techniques, preferably correlated, to provide a thorough understanding of structure‐performance relations. Additionally, these correlated techniques should both have high resolution, as nanoscale heterogeneities are present in the material. Such knowledge can then ultimately serve to guide rational design of solid catalysts.

Obtaining correlated spatiotemporally resolved information from different characterization techniques on the same sample presents several technical challenges. Integration of different techniques in one instrument can facilitate this. The combination of fluorescence and electron microscopy is a well‐known example; originally pioneered in the life sciences,[12](#anie201709723-bib-0012){ref-type="ref"} this technique has recently also made its way into materials science.[13](#anie201709723-bib-0013){ref-type="ref"}, [14](#anie201709723-bib-0014){ref-type="ref"} Indeed, fluorescence microscopy (FM) is an effective tool to study reactivity and diffusion in catalytic materials,[15](#anie201709723-bib-0015){ref-type="ref"}, [16](#anie201709723-bib-0016){ref-type="ref"}, [17](#anie201709723-bib-0017){ref-type="ref"}, [18](#anie201709723-bib-0018){ref-type="ref"} while electron microscopy (EM) can visualize the different ultrastructures present. For example, confocal FM of whole FCC catalyst particles after Brønsted acid sites staining by styrene or thiophene oligomerization[19](#anie201709723-bib-0019){ref-type="ref"} has been combined with transmission electron microscopy (TEM) to correlate structure degradation with reactivity loss.[13](#anie201709723-bib-0013){ref-type="ref"}, [14](#anie201709723-bib-0014){ref-type="ref"} Excitingly, FM has now improved beyond the traditionally diffraction‐limited resolution of light microscopy, bringing sensitivity and resolution to the level of individual molecules.[20](#anie201709723-bib-0020){ref-type="ref"}, [21](#anie201709723-bib-0021){ref-type="ref"} Single‐molecule fluorescence (SMF) microscopy has indeed been used to study catalytic turnovers on individual active sites of catalyst particles.[5](#anie201709723-bib-0005){ref-type="ref"}, [22](#anie201709723-bib-0022){ref-type="ref"} Very recently, SMF was combined with scanning electron microscopy (SEM) to study photocatalysis over ZnO crystals and the acidity of mordenite crystals.[23](#anie201709723-bib-0023){ref-type="ref"}, [24](#anie201709723-bib-0024){ref-type="ref"}

To the best of our knowledge, high‐resolution localization of reactive sites using SMF has not yet been combined with detailed structural TEM analysis of single catalyst particles. Here, we for the first time demonstrate such a correlative SMF‐TEM analysis to identify and correlate reactivity and ultrastructure within an individual ZSM‐5‐containing FCC particle. An integrated setup, with a FM module built into a TEM machine, allowed both techniques to be applied in a single experiment and on one sample (see Figure S1 in the Supporting Information). An overview of the developed approach is shown in Figure [1](#anie201709723-fig-0001){ref-type="fig"}. TEM measurements demand a very thin sample on an electron‐transparent substrate and SMF requires an extremely low fluorescent background. A fresh FCC catalyst particle was embedded in an epoxy resin matching the hardness of the catalyst particles and microtomed into 100 nm thin sections (Figure [1](#anie201709723-fig-0001){ref-type="fig"} a). The thin sections were placed on heat‐resistant silicon nitride (SiN) membranes coated with TiO~2~ to prevent any interaction of the catalyst with the SiN membrane. Calcination at high temperature removed the resin and any organic impurities, leaving just the catalyst thin sections on the coated SiN (Figure [1](#anie201709723-fig-0001){ref-type="fig"} b and S2). The TEM image of the thin section shows the catalyst to be in good shape after this procedure, even though few cutting artifacts perpendicular to the cutting direction (from top right to bottom left) do exist (Figure [1](#anie201709723-fig-0001){ref-type="fig"} c).

![Integrated SMF microscopy and TEM of a single catalyst particle. a) Fluid catalytic cracking (FCC) particles embedded in epoxy resin (yellow) are microtomed into thin sections and deposited onto a SiN membrane. b) Calcination of the SiN membrane removes the resin, leaving just the catalyst thin sections. c) TEM image of the thin section. d) Sample reactivity is evaluated by SMF using the thiophene oligomerization as probe reaction; a movie with 9200 frames is recorded (Movie S1), showing the emitted fluorescence as bright, diffraction‐limited spots. The movie is analyzed by NASCA (e) and SOFI (f). e) Map of detected single‐molecule events by NASCA. For clarity, the detected events have been enlarged. Fewer events are observed in the top right area because it is slightly out of focus. f) Map of the SOFI intensity. The scale bars represent 20 μm.](ANIE-57-257-g001){#anie201709723-fig-0001}

Thiophene oligomerization was used as a sensitive single‐molecule probe reaction, generating fluorescent species that allow the active acid sites in the catalyst thin section to be visualized (Figure [1](#anie201709723-fig-0001){ref-type="fig"} d).[19](#anie201709723-bib-0019){ref-type="ref"}, [25](#anie201709723-bib-0025){ref-type="ref"} Both SMF and TEM measurements were carried out in the vacuum chamber of the integrated setup; therefore, thiophene was deposited directly onto the sample prior to insertion. A 46 min movie was recorded (Figure [1](#anie201709723-fig-0001){ref-type="fig"} d and movie S1) and fluorescence can be observed as bright, high‐intensity events for the full duration of the experiment (Figure S3), suggesting that adsorption of reactants and subsequent product formation, most probably in the micropores of zeolite ZSM‐5, was sufficient to observe catalytic events, even under the high vacuum conditions. Notably, a 532 nm laser was used as it most effectively excites higher, less volatile oligomer products, that is, mostly trimeric species or larger.[26](#anie201709723-bib-0026){ref-type="ref"} Thus, a pool of dimerized and adsorbed thiophene species may form, which further oligomerize to species that can be excited by the laser.

Fluorescence intensity was evaluated using two complementary super‐resolution techniques: Nanometer Accuracy by Stochastic Chemical reactions (NASCA)[27](#anie201709723-bib-0027){ref-type="ref"}, [28](#anie201709723-bib-0028){ref-type="ref"} and Super‐resolution optical fluctuation imaging (SOFI).[29](#anie201709723-bib-0029){ref-type="ref"} Both techniques rely on stochastic and reversible fluorescent fluctuations, here caused by excitation and immediate photobleaching of fluorescent molecules being continuously formed on the Brønsted acid sites in the FCC particle.[5](#anie201709723-bib-0005){ref-type="ref"} NASCA detects high intensity, single catalytic turnovers, such as those seen in Figure [1](#anie201709723-fig-0001){ref-type="fig"} d; these events are localized by fitting a 2D Gaussian to the fluorescence intensity to give a resolution of 25 nm (Figure S4). NASCA analysis requires a high signal‐to‐noise ratio (SNR) and long experiment duration, so that enough single catalytic turnovers are recorded. A map of all the events detected by NASCA is shown in Figure [1](#anie201709723-fig-0001){ref-type="fig"} e. Conversely, SOFI analyzes temporal fluctuations in fluorescence in each pixel separately using higher‐order statistics. This way, SOFI analysis can increase the resolution, while simultaneously eliminating (non‐fluctuating) background fluorescence. Indeed, the ample background fluorescence (e.g. in Figure [1](#anie201709723-fig-0001){ref-type="fig"} d, the wide‐field movie frames show a low, static fluorescence signal over the complete thin section) observed in the movie is effectively suppressed by SOFI. The resulting SOFI intensity image for the complete thin section is shown in Figure [1](#anie201709723-fig-0001){ref-type="fig"} f. To correlate reactivity with (ultra)structure, the NASCA, SOFI and TEM results were overlaid based on features visible in both FM and TEM, using a combination of automatic and manual correlation (Figure S5).

Secondly, catalyst structure was studied at high resolution using TEM (Figure [2](#anie201709723-fig-0002){ref-type="fig"} a and b). TEM images at intermediate and high magnification show the structural features of the FCC catalyst. Zeolite crystals fragmented by the cutting procedure (I), relatively intact zeolite crystals (II) and non‐zeolitic matrix elements (III) are highlighted in Figure [2](#anie201709723-fig-0002){ref-type="fig"} b, in line with previous studies.[13](#anie201709723-bib-0013){ref-type="ref"}, [14](#anie201709723-bib-0014){ref-type="ref"}, [30](#anie201709723-bib-0030){ref-type="ref"}, [31](#anie201709723-bib-0031){ref-type="ref"} The clay, silica and alumina matrix elements could not be separately identified. Next, these zoomed‐in TEM images were compared to co‐localized fluorescence intensity events. A combination of NASCA events and SOFI intensity at the same locations as the intermediate and high magnification TEM images (Figure [2](#anie201709723-fig-0002){ref-type="fig"} a and b) is shown in Figure [2](#anie201709723-fig-0002){ref-type="fig"} c and d. Both NASCA and SOFI images show highly localized regions of fluorescence, and the overlay of the two super‐resolution techniques shows they are highly correlated. A few areas with many NASCA events show no SOFI intensity; these are most likely caused by non‐fluctuating contaminant species (see supporting information). The combination of NASCA and SOFI allows detection of these species and therefore shows the value of employing both types of analysis.[5](#anie201709723-bib-0005){ref-type="ref"} Conversely, areas are found with only SOFI intensity and no NASCA events. These areas demonstrate the higher sensitivity of SOFI to detect fluorescence compared to NASCA. The obtained SOFI intensity maps show more subtle differences in reactivity, albeit with a lower spatial resolution than NASCA, and show that an absence of detected fluorescence by NASCA does not necessarily mean there is no activity in a region.

![Analysis of SMF and TEM and overlays of an intermediate zoom level (a, c, e, all showing the same area) and high zoom level (b, d, f, all showing the same area) of the thin section. The intermediate zoom level is marked by a white square in Figure [1](#anie201709723-fig-0001){ref-type="fig"} c. The high zoom level area is marked in a. a,b) TEM of the catalyst thin section. In b), different types of ultrastructure are marked: fragmented zeolites (I); intact zeolite crystals (II); non‐zeolitic matrix material (III). c,d) Combined maps of NASCA and SOFI intensity (NASCA events in red and SOFI intensity corresponding to the scale bar). e,f) Thresholded TEM images (a and b), showing the structure, overlaid on the NASCA/SOFI images from (c) and (d). Scale bars represent 5 μm (a,c,e) or 500 nm (b,d,f).](ANIE-57-257-g002){#anie201709723-fig-0002}

The power of the TEM‐SMF approach is demonstrated by a combination of the NASCA, SOFI and TEM results (Figure [2](#anie201709723-fig-0002){ref-type="fig"} e and f). The TEM images are thresholded and overlaid on the SOFI images, with NASCA on top of both of these. Areas with high NASCA and SOFI intensity clearly coincide with the areas in TEM containing structural features I and II. This correlation of fluorescence activity with the active phase of the catalyst validates both our staining procedure as well as the image correlation. However, the correlation of NASCA and SOFI with TEM also shows that certain zeolite domains do not seem to show any activity, even though the underlying TEM structures look similar to domains that do show intensity. For NASCA it can be argued only the most active zeolite domains show single catalytic turnovers, but SOFI should be sensitive to low fluorescence intensity. Thus, the correlative analysis indicates that intrinsic differences in reactivity exist among zeolite aggregates of seemingly identical structure. Additionally, Figure [2](#anie201709723-fig-0002){ref-type="fig"} f shows differences in reactivity even within one zeolite domain. These differences have been observed before in similar fluorescence staining experiments of FCC particles, but the unique correlative approach presented here allows us now to unambiguously link reactivity to ultrastructure.[5](#anie201709723-bib-0005){ref-type="ref"}, [19](#anie201709723-bib-0019){ref-type="ref"} The differences seen in reactivity may be explained by differences in the distribution of Al coordination in the zeolite particles, which has been shown to vary within ZSM‐5 particles[32](#anie201709723-bib-0032){ref-type="ref"} as well as in zeolite Y embedded in FCC catalysts.[10](#anie201709723-bib-0010){ref-type="ref"} Furthermore, previous research has shown polarization dependence of the fluorescent products can also play a role in ZSM‐5 containing FCC particles, although this does not apply to reactivity differences within one zeolite domain.[33](#anie201709723-bib-0033){ref-type="ref"} Differences in accessibility within the catalyst particle can be excluded, as the thiophene reaction is carried out after microtoming, eliminating accessibility gradients.

The correlation between SOFI intensity and structural features was further explored. To gain more quantitative information, a region of interest (ROI) within a catalyst thin section of 20×20 μm^2^ was divided into sections of 0.5×0.5 μm^2^ (Figure [3](#anie201709723-fig-0003){ref-type="fig"} a). The dominant structural feature of each square was then manually classified into zeolite material (type I and II in Figure [2](#anie201709723-fig-0002){ref-type="fig"} b) and non‐zeolitic matrix material (type III in Figure [2](#anie201709723-fig-0002){ref-type="fig"} b). It must be emphasized here that this classification was based solely on structural information in the TEM, that is, not on the corresponding SOFI intensity of these squares. The zeolite material was found to be homogeneously distributed in this ROI, covering 38 % of the surface of the thin section. A further 46 % was covered by matrix material, while 16 % contained no material. Consequently, the SOFI intensity of each of these types was evaluated as a measure of reactivity (Figure [3](#anie201709723-fig-0003){ref-type="fig"} b). A significant higher reactivity was found for the zeolite compared to the matrix material, showing that the probe reaction used most effectively stains zeolite material with strong Brønsted acid sites within the catalyst. Furthermore, the majority of matrix material showed similar reactivity to areas with no material present, suggesting this is mostly background fluorescence. The observed heterogeneity in fluorescence intensity for each type is partly caused by the resolution of the classification map, as the squares in Figure [3](#anie201709723-fig-0003){ref-type="fig"} a can contain more than 1 type of material. However, as observed in Figure [2](#anie201709723-fig-0002){ref-type="fig"}, the observed heterogeneity in fluorescence intensity for zeolite material again shows differences in activity for zeolite particles with identical structural features. Conversely, an alternative approach, in which the TEM image was segmented based on the observed SOFI intensity using a thresholding procedure, showed similar results (Figure S6).

![a) A zoomed‐in area of the TEM image (same image as Figure [2](#anie201709723-fig-0002){ref-type="fig"} a), with each structural element classified as either zeolite (604 squares, 38 %), matrix (739 squares, 46 %) or with no material present (260 squares, 16 %). Each square represents an area of 0.5×0.5 μm^2^; the scale bar represents 5 μm. b) Box plots of the SOFI intensity in the areas of each type of material classified. The whiskers represent the data within 2.7σ; other points are considered outliers (red squares), but are still used to calculate the mean.](ANIE-57-257-g003){#anie201709723-fig-0003}

In summary, a generally applicable, correlated micro‐spectroscopy approach with nanoscale spatial resolution is presented, which combines transmission electron microscopy (TEM) and single‐molecule fluorescence (SMF) microscopy. The utility of this integrated SMF‐TEM approach has been demonstrated by its application to a single fluid catalytic cracking (FCC) particle, correlating for the first time ultrastructures, such as zeolite, clay and binder with (lack of) reactivity. Clear differences in reactivity were observed between the active zeolite phase and the non‐zeolitic matrix components. It is shown that among the zeolite aggregate domains with seemingly identical structural features significant differences in reactivity exist. It is our opinion that the developed SMF‐TEM combination can aid in elucidating structure‐performance relationships for a wide range of functional materials, such as other solid catalysts, batteries, adsorbents and fuel cells.
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